A series of rhombohedrally distorted γ-brass structures containing a mixture of magnetically active 3d elements, Cr and Fe, Cr 1−x Fe x Ga, is investigated crystallographically. These structures consist of chains of trans-face-sharing Ga-centered transition metal icosahedra. Neutron powder diffraction specifically on Cr 0.5 Fe 0.5 Ga, which could be prepared as a single phase material, gave lattice constants (11 K) a = 12.5172(2) Å and c = 7.8325(2) Å and a refined composition of Cr 0.502(6) Fe 0.498 Ga = Cr 6.523 Fe 6.477 Ga 13 and revealed partial ordering of Cr and Fe atoms among three crystallographic sites. Magnetic susceptibility and magnetization studies of Cr 0.5 Fe 0.5 Ga showed the onset of magnetic ordering at ca. 25 K. Theoretical calculations suggested both site-energy and bond-energy factors influencing the Cr/Fe distribution. Heteroatomic interactions significantly affect exchange interactions and create low local magnetic moments. Models created to mimic Cr 0.5 Fe 0.5 Ga showed ferromagnetic Fe−Fe and antiferromagnetic Cr−Fe interactions, with an overall ferrimagnetic ordering.
Introduction
The relationship between crystal structure and valence electron concentration (vec=number of valence electrons/number of atoms in the chemical formula) in γ-brass phases emphasizes how the electronic structure can influence chemical compositions and atomic arrangements in complex intermetallic compounds. The γ-brasses belong to a class of "Hume-Rothery electron phases," which involve late and post-transition metals and whose structures are controlled by their vec values.
1-3 Specifically, γ-brasses exist for vec values in the range 1.60-1.75 e -/atom, values which are determined by using only the valence s and p electrons, as found for Cu 5 Zn 8 , Cu 9 Al 4 , and Pd 2 Zn 11 . 4 Extensive first-principles calculations on various γ-brass structures identify the existence of a pseudogap at the corresponding Fermi levels. 4, 5 Although the structure itself leads to local minima in the electronic density of states (DOS) curves at the Fermi level, the atomic distribution enhances the pseudogap, as in the Cu-Zn system, for example. 6 In the Zn-Pd and Cd-Pd systems, slight variations in chemical composition lead to distinct superstructures of the γ-brass phases.
7-10 The presence of a pseudogap in the DOS curves of two Zn-Pd phases led to a cluster-counting rule that accounts for the periodicity along a single dimension. 7 In addition to these crystalline intermetallics, many quasicrystals are also called Hume-Rothery electron phases. Ever since Fujiwara's first band structure calculations on the approximants to Al-Mn quasicrystals revealed the existence of a pseudogap at the Fermi level, 11 numerous empirical and ab initio studies have shown that the stability of various quasicrystalline phases and their approximants also give a similar outcome in their DOS curves. This so-called HumeRothery stabilization rule is important for the stability of many quasicrystals and their approximants. In fact, recent structural and theoretical studies of various γ-brasses reveal close relationships between these crystalline phases and icosahedral quasicrystals. As part of an effort to study the properties and electronic structures of icosahedral quasicrystal approximants, we reported on the structural and magnetic characteristics of the series MGa (M = Cr, Mn, Fe), 14, 15 which adopts the rhombohedral Cr 5 Al 8 structure type. 16, 17 In fact, this structure is also a rhombohedral distortion of the cubic γ-brass structure, a distortion which has been attributed to electronic ("band structure") factors. 18 The isostructural series,CrGaMnGa-FeGa also varies from antiferromagnetic to ferromagnetic behavior, which is important for gaining insight into the relationship between itinerant magnetism and energy band filling. 14, 15 In this contribution, we report on the ternary series Cr 1-x Fe x Ga with specific focus on the x ∼ 0.50 case with respect to its magnetic properties and distribution of transition metals. Furthermore, theoretical electronic structures and related computations were evaluated to analyze the relationships among structure, composition, and properties of these phases.
Experimental Section
Synthesis. Eleven compositions in the series of Cr 1-x Fe x Ga (0 e x e 1) samples were prepared by heating the pure elements under controlled environments. Prior to these reactions, Cr metal pieces (irregular, 99.99%, Alfa-Aesar) were cleaned in an acidic solution (1:3 ratio by volume of concentrated nitric and hydrochloric acids) for approximately 30 s and rinsed with methanol. Fe metal pieces (irregular, 99.97þ%, Alfa-Aesar) were cleaned in an acidic ethanol solution (10:1 ratio by volume of ethanol and concentrated nitric acid) for 2 min and rinsed with methanol, while Ga metal ingots (99.99%, Alfa-Aesar) were used without any pretreatment. To prevent the formation of any oxide phases and to minimize the formation of other impurities, the elements were then individually melted in an arc furnace on a copper hearth under an argon atmosphere. The subsequent surface oxide layer of the ingots was removed by filing. Stoichiometric mixtures of Cr 1-x Fe x Ga (0 e x e 1, increments of 0.1, loading errors were less than 0.001% by weight for 3 g samples) were heated in sealed, evacuated silica tubes at 1323 K for 80 h to promote the optimum diffusion of Cr and Fe metals into liquid Ga. After cooling at a rate of 1 K/min to 1123 K, the homogenized sample was annealed at 1123 K for 1 week. Termination of the solid state reaction occurred by turning off the furnace, and the product was allowed to cool naturally to room temperature. Visual inspection and powder X-ray diffraction experiments taken after more than 4 months of product formation revealed the products to be stable against decomposition in both air and moisture at room temperature.
Chemical Analysis. The phase purities of the products were analyzed using energy dispersive spectroscopy (EDS) by a JEOL 840A scanning electron microscope, equipped with an IXRF Systems Iridium X-ray analyzer with a Kevex Quantum thinwindow Si(Li) detector for quantitative chemical analysis with Si as the internal standard. Typical data collections utilized a 20 kV accelerating voltage and a 30 nA beam current. No significant oxygen or silicon contamination was observed for all products.
Diffraction Experiments. Phase analysis was performed using powder X-ray diffraction (XRD) at room temperature, and crystal structures were confirmed using single-crystal XRD. Temperaturedependent neutron powder diffraction was carried out specifically on "Cr 0.5 Fe 0.5 Ga" to obtain the atomic distribution.
Powder XRD. Phase characterizations were performed on several separately prepared samples from each of the products using room-temperature powder XRD using an Enraf-Nonius Guinier camera with Cu KR radiation (λ = 1.540598 Å ) and Si as an internal standard. Patterns were collected for 2θ values ranging from 10°to 95°at increments of 0.02°. Lattice parameters were determined by the Rietveld profile fitting method using the Rietica program for all samples; 19 atomic parameters were refined using the General Structure Analysis System (GSAS) program package 20 for the sample of "Cr 0.5 Fe 0.5 Ga," which was closest to single phase. Furthermore, to compare with subsequent neutron powder diffraction experiments, temperaturedependent powder XRD measurements were carried out on "Cr 0.5 Fe 0.5 Ga" for eight different temperatures between ca. 15 and 300 K. All powder diffraction experiments required an exposure time of at least 120 min to obtain peak intensities high enough to be refined because all patterns showed very high background intensities, due to fluorescence problems from the Fe content of the samples.
Single-Crystal XRD. Several irregularly shaped, small crystals with average approximate dimensions of 120 μm 3 were selected from crushed samples of various Cr 1-x Fe x Ga products and mounted on glass fibers. Each data set was collected on a Bruker Apex diffractometer at 295(2) K using monochromated Mo KR radiation (λ = 0.71073 Å ) and a detector-to-crystal distance of 5.990 cm. Diffraction data were collected in a hemisphere or full sphere of reciprocal space with 0.3°scans in ω for an exposure time of 10 s per frame up to a maximum 2θ value of 56.55°. The measured intensities were corrected for Lorenz and polarization effects and were further corrected for absorption using the STOE X-SHAPE 21 and X-RED programs. 22 Structure refinements via full-matrix least-squares on F 2 were performed by using the SHELXTL-PLUS programs.
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Neutron Powder Diffraction on Cr 0.5 Fe 0.5 Ga. Due to the nearly indistinguishable X-ray scattering factors between Cr and Fe, neutron powder diffraction experiments were performed on a ca. 5 g powder sample of "Cr 0.5 Fe 0.5 Ga" to achieve better resolution of the transition metal site occupancies. Indeed, the elastic neutron cross-sections for Cr (1.66Â10 -24 cm 2 ) and Fe (11.22Â10 -24 cm 2 ) are significantly different, which allows us to refine site distributions accurately. Time-of-flight (TOF) neutron diffraction data were collected at 11, 30, and 295 K on the neutron powder diffractometer (NPDF) at the Manuel Lujan Neutron Scattering Center of Los Alamos National Laboratory. This instrument is a high-resolution powder diffractometer located at flight path 1, 32 m from the spallation neutron target. The data were collected using the 148°, 119°, 90°, and 46°banks, which cover a d-spacing range from 0.12 to 7.2 Å .
The structures at 11, 30 and 295 K were refined using JANA2006 with a Rietveld profile analysis program 24 using the MnGa structure as the starting structural model. The refinements were performed using the four banks (148°, 119°, 90°, and 46°) simultaneously to obtain unit cell parameters, atomic positions, and equivalent isotropic displacement parameters. Background coefficients, scale factors, isotropic strain terms in the profile function, and sample absorption were also refined for a total of 63 parameters using the centrosymmetric space group R3m. Alternative refinements were carried out in the space groups R3m and R3. To elucidate the arrangement and concentration of Cr and Article Inorganic Chemistry, Vol. 49, No. 24, 2010 11507
Fe in "Cr 0.5 Fe 0.5 Ga," the occupancies were also refined, which added three parameters.
Magnetization Measurements. The dc magnetization as a function of temperature from 1.8 to 300 K, and magnetic field, up to 55 kOe, were measured on a Quantum Design (QD) Magnetic Property Measurement System (MPMS). Temperature-dependent magnetization data were collected after the polycrystalline powder samples of "Cr 0.5 Fe 0.5 Ga" were placed in a gel-capsule fixed in a straw by first measuring zero-field cooled (ZFC) magnetization and then the field-cooled (FC) data.
Electronic Structure Calculations. Theoretical electronic structures of various model structures of Cr 1-x Fe x Ga were calculated self-consistently by using the tight-binding, linear muffin-tin-orbital (TB-LMTO) method [25] [26] [27] [28] within the atomic sphere approximation (ASA) using the Stuttgart code. 29 Exchange and correlation were treated in a local spin density approximation (LSDA). 30 All relativistic effects except spin-orbit coupling were taken into account using a scalar relativistic approximation. 31 Within the ASA, space is filled by overlapping Wigner-Seitz (WS) atomic spheres. The radii of these WS spheres were obtained by requiring the overlapping potential to be the best possible approximation to the full potential according to an automatic procedure. 32 The WS radii for the atomic sites determined by this procedure are in the ranges 1.465-1.535 Å for Ga sites, 1.461-1.475 Å for Cr, and 1.455-1.481 Å for Fe. The basis set included 4s and 4p orbitals for Ga and 4s, 4p, and 3d orbitals for Cr and Fe. The reciprocal space integrations to determine the self-consistent total energies and charge densities, densities of states (DOS) curves, and crystal orbital Hamilton population (COHP) 33 curves were performed using the tetrahedron method 34 using 65 k-points all-model structures in the irreducible wedges of the corresponding Brillouin zones.
Results and Discussion
Phase Identification. Results obtained from EDS, as well as powder and single-crystal XRD, are summarized in Table 1 . Most specimens showed multiple phases according to EDS. Throughout the composition range in Cr 1-x Fe x Ga from x = 0.1 to 0.9, the major phase was identified as the rhombohedral Cr 5 Al 8 -type structure, and subsequent refinements of diffraction data proceeded well in the centrosymmetric space group R3m. Cr 0.5 Fe 0.5 Ga, as loaded, produced an essentially single-phase product according to both EDS and powder XRD measurements. All other samples yielded majority products near the targeted composition. For the range 0.1 e x e 0.3, a cubic Cr 3 Ga-type structure was indexed, and for the samples with x = 0.2 and 0.3, an additional tetragonal FeGa 3 -type phase was also identified using powder XRD. For loaded compositions with x g 0.8, a monoclinic Fe 3 Ga 4 -type phase could be indexed with powder XRD as a secondary phase. Throughout the entire composition range, no other impurity peaks were observed with powder XRD. For the binary specimens, the Fe-Ga preparation yielded a mixture of Fe 3 Ga 4 , Fe 2 Ga, and FeGa; the Cr-Ga preparation produced CrGa, Cr 3 Ga, Cr 2 Ga, and CrGa 4 .
Structure Determinations. The structures of rhombohedral Cr 1-x Fe x Ga specimens were refined by single crystal XRD; these results are summarized in Tables 1 and 2 . At this point, some comments concerning the refinement of site occupancy factors (SOF) in Table 2 is warranted. Because the X-ray scattering powers of Cr and Fe differ by at most 8.3%, the strong correlation between SOF and isotropic temperature displacement parameters makes accurate refinement of the chemical composition of these single crystal specimens challenging when Mo KR is the incident radiation. The lattice parameters vary monotonically with loaded composition, results which led us to conclude that there is a smooth variation in the Cr/Fe content for the different specimens. To overcome correlation problems during structural refinements, at first we fixed the isotropic displacement parameters to the refined values for the mixed sites and refined the occupancy parameters. In the following step, the occupancies were fixed to these refined values and the displacement parameters were refined. All final cycles of structural refinements were carried out using anisotropic displacement parameters for all atoms. The resulting compositions refined from single crystal X-ray diffraction analyses listed in Table 2 are consistent with those from EDS. We have included estimated uncertainties in the total refined compositions listed in Table 2 , but as the final refinement cycle did not include varying the site occupancy factors, we do not list uncertainties for these values (see discussion above). Rather, such uncertainties will occur in the refined displacement parameters. As the Fe content increases, there are monotonic decreases in the unit cell parameters (a and c axes lengths) as well as unit cell volumes, trends which are consistent with the size relationship between Cr and Fe atoms using their 12-coordinate metallic radii (r Cr = 1.26 Å and r Fe = 1.25 Å ). 38 In addition, the unit cell volume for MnGa is ca. 3% larger than the volume for nearly isoelectronic Cr 0.5 Fe 0.5 Ga, sample 5, an effect that can be attributed to possibly different magnetic ground states. (18) 12.5743 (18) 12.5595 (18) 12.5527 (9) 12.5398 (18) 12.5161 (18) 12.4927 (18) 12.4695 (18) c, To gain a better understanding of the distribution of Cr and Fe atoms in these phases, temperature-dependent neutron diffraction measurements on a polycrystalline sample loaded as Cr 0.5 Fe 0.5 Ga were conducted. Figure 2 illustrates the observed and calculated neutron diffraction patterns at 295 K as an example. Figure 3 illustrates the temperaturedependent lattice constants as measured by both neutron and X-ray powder diffraction. The trends are identical, while the lattice parameters determined from the neutron data are systematically lower than those obtained from X-ray diffraction. Refinements of the neutron data, which included background coefficients, scale factors, profile functions, and absorption coefficients, as well as relaxing the site occupancies for Cr and Fe, smoothly converged to give solutions with χ 2 values, respectively, of 4.504, 4.781, and 3.694 at 11, 30, and 295 K. Additional refinements were evaluated for space groups R3m and R3, neither of which resulted in significant improvements to the results. Table 3 summarizes the atomic parameters, site occupation factors, and equivalent isotropic displacement parameters for the asymmetric unit (again on the basis of the space group R3m). The refined average composition of this powder sample is Cr 19.7(4) Fe 19.3(4) Ga 39 per unit cell, or Cr 0.505(1) Fe 0.495(1) Ga. The special position, Wyckoff site 3b, refines slightly richer in Cr than Fe. Among the two distinct sites building up the (Cr,Fe) 12 icosahedra centered by Ga atoms, the trigonal faces linked to the 3b site are richer in Fe atoms; the "waist" of the icosahedron is richer in Cr atoms. According to these refinements, these site occupancies are approximately 2/3 occupied by Cr atoms at the M2 site, and the other site connecting the adjacent icosahedra shows approximately 2/3 occupancy by Fe atoms.
An analysis of interatomic distances within Cr 0.505(1) Fe 0.495(1) -Ga validates the cluster-based description above. Ga1-M3 and M1-M3 distances are the shortest, ca. 2.50 Å , followed closely by M2-M3 contacts at ca. 2.58 Å and Ga1-M2 and M1-Ga2 distances at ca. 2.60 Å . Within the Ga@(Cr,Fe) 12 icosahedra, remaining distances include 2.69 Å (M3-M3), 2.75 Å (M2-M3), and 2.81 Å (M2-M2). Thus, the environment at the M2 sites gives the highest average interatomic distances among the three transition metal sites, whereas the M1 and M3 sites give lower average distances.
A neutron pair-distribution-function (PDF) analysis was also performed to investigate local structure. A combined study of Rietveld and neutron PDF analysis is generally Ko et al.
helpful in providing information about the long-, medium-, and short-range ordering in a structure. 39 Indeed, Rietveld analysis determines only the average long-range structure because it only takes into account the intensity and the position of the Bragg peaks, whereas PDF analysis also includes information contained in the diffuse scattering. This additional information is very helpful for identifying the existence of any possible short-range order. Moreover, PDF analysis allows the structure to be refined at various ranges in distance r. In the case of Cr 0.505(1) Fe 0.495(1) Ga, we are particularly interested to know if any special local ordering is observable between Cr and Fe atoms for any length scale, as well as to distinguish between centrosymmetric or noncentrosymmetric space groups.
Neutron PDFs were corrected for background, the incident neutron spectrum, absorption, and multiple scattering and normalized using the vanadium spectrum to obtain the total scattering structure factor, S(Q), using the program PDFgetN. 40 The PDF G(r) was obtained from S(Q) via the Fourier transform:
Q½SðQÞ -1 sin QrdQ where F(r) and F 0 , respectively, are the atomic pair number density and average number density. The data were terminated at Q max = 40 Å -1 . PDF modeling was carried out using the program PDFGUI 41 by using the results obtained from the Rietveld refinement as the starting structural model. First, we relaxed numerous symmetry constraints, but no significant improvements were observed, a result which indicates that the centrosymmetric space group R3m is the best choice to describe the average structure. Second, a total relaxation was investigated to model possible short-range ordering within the network of Cr and Fe sites, e.g., local domains of Cr or Fe atoms as "islands" or "strips." As presented in Figure 4 , the fit is impressively good up to r = 40 Å , which implies that no disorder is observable at least up to that length scale. Therefore, neutron PDF analysis indicates that the local structure and the average structure obtained from Rietveld refinement are quite similar and no visible disorder is observed.
Magnetic Behavior of Cr 0.5 Fe 0.5 Ga. According to our phase analysis using EDS and powder XRD, only the loaded sample Cr 0.5 Fe 0.5 Ga produced a single-phase product, Cr 0.505(1) Fe 0.495(1) Ga, within the errors allowed by both techniques. Thus, magnetic susceptibility measurements were limited to this sample. Figure 5 illustrates the magnetic susceptibility measured at a 1 kOe external field. Above 125 K, the linear behavior suggests Curie-Weiss behavior with an effective magnetic moment of ca. 4.2 μ B per formula unit. Extrapolating the linear curve yields a Weiss temperature of ca. -15 K. Below 24 K, the inverse magnetic susceptibility shows an upturn, probably related to antiferromagnetic order. The upper inset in Figure 5 shows the low-temperature field-cooled and zero field-cooled susceptibility data below 30 K. The higher temperature slope change (ca. 24 K) in magnetic susceptibility shows no difference between field and zero-field cooled data, whereas magnetic susceptibility manifests with clear hysteresis below 16 K. The magnetization isotherms, M(H), at 2 K are plotted in the lower insets of Figure 5 ; a small hysteresis below 30 kOe was observed with metamagnetic-like behavior.
The variation of the lattice parameters with temperature, as observed by both neutron and X-ray powder diffraction, shows nonlinear behavior at lower temperatures. The high temperature, paramagnetic phase exhibits a larger volume, through expanded lattice constants, than the extrapolation of the low temperature lattice constants to higher temperatures. Thus, we see the existence of magnetostriction. 42 This is further confirmed by looking at the reflections in real space rather than in reciprocal space obtained by Fourier transformation of the raw neutron powder diffraction data to generate the pair distribution function (PDF, Q(r)).
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Relationship to γ-Brasses. The rhombohedral structures of Cr 1-x Fe x Ga are closely related to the cubic γ-brass structure and are isostructural with many rhombohedrally distorted Cr 5 Al 8 -type structures found in the Al-Cr, Al-Cu, Ga-Cr, Ga-Mn, and Ga-Fe systems. 15, 18 All structures share the fundamental building block of four tetrahedrally fused icosahedra, which are illustrated in Figure 1 . In the cubic γ-brass structure, four icosahedra construct a perfect tetrahedron by sharing faces, but in the rhombohedrally distorted structure, three icosahedra share faces with one sitting on top of the other three sharing only edges.
Another description of cubic γ-brass structures utilizes a body-centered cubic packing of 26-atom clusters formed by the following "shells" of atoms: (i) an inner tetrahedron, (ii) an outer tetrahedron of sites capping each face of the inner tetrahedron, (iii) an octahedron sitting over each edge of the outer tetrahedron, and (iv) a distorted cuboctahedron. A recent investigation of Cu 5(x Zn 8-x , which combined neutron powder diffraction with electronic structure theory, demonstrated that the inner tetrahedron is always fully occupied by Zn atoms, the outer tetrahedron is always fully occupied by Cu atoms, and the range in composition occurs by subsequent statistical occupation by Cu and Zn atoms in the octahedron and cuboctahedron. 6 The structures of Cr 1-x Fe x Ga resemble this pattern: (i) The inner tetrahedron is formed by the transition metals Cr and Fe (M1 þ 3 M3 sites). (ii) The outer tetrahedron is exclusively formed by Ga atoms (Ga1 þ 3 Ga2 sites). (iii) The octahedron involves three transition metals and three Ga atoms (3 Ga2 þ 3 M2 sites). (iv) The cuboctahedron contains six transition metals and six Ga atoms (6 Ga3 þ 3 M2 þ 3 M3 sites). Thus, the two inner tetrahedra form a kernel, [M 4 Ga 4 ], while the outer octahedron and cuboctahedron provide a 3D template in which these clusters are encapsulated. This template shows mixed site occupancies in either an ordered (as in Cr x Fe 1-x Ga) or disordered (as in Cu 5(x Zn 8-x ) manner.
The unit cell of these rhombohedral Cr 1-x Fe x Ga structures, when transformed to include the two distorted 26-atom γ-brass related clusters, are slightly distorted away from cubic metrics with angles ranging from 89.15 to 89.27°. Pearson et al. have suggested that the rhombohedral distortion of the cubic γ-brass structure occurs as a result of the band structure energy stabilization when the number of conduction electrons per 52-atom unit cell increases from the range ca. 84-90 electrons to values of ca. 95-100 electrons. 18 In this formalism, only valence s and p electrons are counted, and not valence d electrons. The contribution from the transition metals to the number of conduction electrons is often confusing in this context: in some counting schemes, Cr and Fe would contribute no conduction electrons; in others, they would be counted as one electron. 43, 44 There are even arguments that the transition metal d band will reduce the number of conduction electrons. 44 Nevertheless, the total valence electron counts for the cubic and rhombohedral cases differ significantly: if we include all valence d electrons, including the 3d core electrons for the post-transition element Ga, then the valence electron count for the Cr 1-x Fe x Ga series would range from 9.5 to 10.5 spd electrons per atom, while the cubic γ-brasses would require ca. 11.6 spd electrons per atom. Nevertheless, on the basis of the phases showing rhombohedral distortions, the Fermi level will fall among valence d orbitals of the transition metal, whereas the γ-brasses show the valence d bands to be somewhat below the Fermi level.
To explore Pearson's conjecture 18 quantitatively, we have integrated the s and p portions of the total DOS curves for cubic Cu 5 Zn 8 6 and rhombohedral CrGa and FeGa. 15 In these specific cases, the cubic γ-brass integrates to 1.78 sp e -/atom (93 electrons per 52 atom cell); the rhombohedral cases give ca. 2.00 sp e -/atom (104 electrons per 52 atom cell). Further computational investigations are underway to examine possible driving forces within the electronic structure for this structural effect among γ-brass related phases.
Theoretical Electronic Structures. The theoretical electronic structures of various models from the Cr 1-x Fe x Ga series were determined and analyzed to assess the trends in the distribution of Cr and Fe atoms in the structure, which we call the "coloring problem," 45 and to shed some light on the magnetic character of Cr 0.5 Fe 0.5 Ga. Since this system represents a complex computational problem, only specific preliminary results will be related; a broader computational study is underway.
Coloring Problem.
According to the refinement of site occupancies in Cr 0.5 Fe 0.5 Ga by neutron diffraction, the distribution of Cr and Fe atoms is neither completely random nor completely ordered. Cr atoms prefer the M2 sites, which form the waist of the Ga-centered (Cr,Fe) 12 icosahedron, and the M1 sites, which bridge adjacent icosahedral clusters along the c direction. Likewise, Fe atoms prefer the M3 sites, which form the upper and lower triangles of the (Cr,Fe) 12 icosahedron. Perusal of the refinement results in Table 2 from the nine samples of the Cr 1-x Fe x Ga series studied by single crystal XRD shows a qualitatively similar trend to the one seen in Cr 0.5 Fe 0.5 Ga with a few amendments based on the range of chemical composition covered by the series. First, Fe atoms generally prefer to occupy the M3 sites throughout the series (the only exception is sample 4), and Cr atoms prefer to occupy the M2 sites. Second, Cr atoms fill the bridging M1 sites for a low Fe content, whereas these M1 sites refine as completely occupied by Fe atoms at a high Fe content.
A tight-binding analysis of the total electronic energy has suggested that there are two factors influencing the distribution of elements in an intermetallic structure: (i) a site-energy term and (ii) a bond-energy term. 18 In many inorganic solids, one of these two terms tends to dominate. For example, ionic solids, which show the highest electronegativity differences between component elements, optimize the site-energy term through a distribution that minimizes the Madelung potential. On the other hand, elemental solids optimize the bond-energy term. Intermetallic compounds often show results that represent the best compromise between these two different factors. 46 In such compounds, a Mulliken population analysis 47 can quickly assess the arrangement that minimizes the site-energy term: sites with higher Mulliken populations attract the metallic element with lower valence atomic orbital energies. Thus, for the Cr 1-x Fe x Ga series, an extended H€ uckel calculation on MGa (= M 13 Ga 13 ; M = Mn atomic parameters; structural parameters from results of neutron powder diffraction at 11 K for Cr 0.5 Fe 0.5 Ga) with the valence electron count allowed to vary from 9.0 e -(M=Cr) to 11.0 e -(M = Fe) per MGa unit indicated the preference for Fe occupation on the basis of the site-energy term followed M2 > M3 . M1. Thus, there is a considerable contribution from the bond-energy term, i.e., interatomic orbital interactions, influencing the distribution of Cr and Fe atoms, an effect which is also reflected in the interatomic distances.
To examine this conclusion semiquantitatively, the total energies of various models of the mixed-metal systems Cr 13-n Fe n Ga 13 , 0<n < 13, using TB-LMTO calculations are compared against the corresponding mixtures of Cr 13 Ga 13 and Fe 13 Ga 13 . Figure 6 illustrates the trend in these relative energies, which can be expressed as where E (i) (n) is the averaged total energy of Cr 13-n Fe n Ga 13 for Fe atoms occupying Mi sites (i=1, 2, and 3, according to Tables 2 and 3) as fully as possible. Therefore, E
(1) (0) and E (1) (13) are the total energies, respectively, of Cr 13 Ga 13 and Fe 13 Ga 13 . In Figure 6 , the different shapes of the data points represent the different sites (circle = M1; square = M2; triangle = M3); the colors correspond to Fe or Cr (red = Fe; blue = Cr). The lines connect the averaged total energies for Fe or Cr in the M1 (3b) sites. The overall trend in these energy differences shows the effect of different third moments of the electronic DOS on the relative total energies. 48 According to this moments argument, the weighted average of the third moments of the DOS of Cr 13 Ga 13 and Fe 13 Ga 13 will be higher than the third moments of mixed metal Cr 13-n Fe n Ga 13 . The third moment is a measure of the skewness of the DOS function and indicates the differences in three-membered rings in the different structures, i.e., rings which represent a sequence of atoms connected to each other by valence orbital overlap. Conclusions from this computational analysis of the averaged total electronic energies include the following: (1) Cr prefers to occupy the M1 site for all compositions.
(2) For a low Fe content, Fe slightly prefers the M3 sites but shows an energetic preference for the M2 sites at a high Fe content. (3) The energy differences between different colorings range from 40 to 50 meV per Cr 13-n Fe n Ga 13 . These energy differences are small with respect to the temperature scale of preparation (50 meV ∼ 600 K), so entropy effects will play a significant role in the observed elemental distributions. Configurational entropy alone, which is at a maximum for x = 0.5 in Cr 1-x Fe x Ga, will account for ca. 40 meV per formula unit at 600 K. Some general trends, e.g., Cr atom preference for the M1 site and Fe atom preference for the M3 site, are consistent, in part, with the experimental findings.
Electronic Structure of "Cr 0.5 Fe 0.5 Ga". Spin-polarized TB-LMTO-ASA band calculations were performed on four model structures to investigate features of its electronic structure and to elucidate possible magnetic structures of "Cr 0.5 Fe 0.5 Ga". Given that there are an odd number of transition metals per primitive unit cell, two distinct compositions were examined: "Cr 7 Fe 6 Ga 13 " and "Cr 6 Fe 7 Ga 13 ". In "Cr 7 Fe 6 Ga 13 ," the M1 (3b) site is occupied by Cr atoms, and two different models placed the remaining Cr atoms on either the M2 or M3 sites. Likewise, in "Cr 6 Fe 7 Ga 13 ," the M1 (3b) site is occupied by Fe atoms, and two different models placed the remaining Fe atoms on either the M2 or M3 sites. Table 4 lists the band energies, given relative to the lowest energy case for each composition, total magnetic moment, and atomic populations and local atomic moments for each crystallographic site. The local atomic moments, μ, are also identified with a sign, which signifies whether the local electron densities integrate toward excess "spin-up" (þ) Figure 6 . Relative total energies between models for Cr 13-n Fe n Ga 13 and the corresponding mixture of Cr 13 Ga 13 Table 4 ), whereas the Cr-Fe exchange coupling is antiferromagnetic (local moments have the opposite sign in Table 4 ). Thus, in both cases, the exchange coupling within the Ga@M 12 icosahedral cluster is antiferromagnetic, but the exchange coupling between the cluster and the bridging atom depends on the identity of the bridge site: ferromagnetic if Fe, antiferromagnetic if Cr. In MnGa, 14 two magnetic models converged. The lower energy model gave a large total magnetic moment (25.24 μ B /cell), with ferromagnetic coupling within the Ga@Mn 12 icosahedron and antiferromagnetic coupling between the bridging atom (M1 site) and the cluster. The second possible magnetic structure, which was 0.24 eV/cell higher in energy, resembled the preferred magnetic model of "Cr 7 Fe 6 Ga 13 ".
The DOS and selected COHP curves of the lower energy models of "Cr 7 Fe 6 Ga 13 " and "Cr 6 Fe 7 Ga 13 " are illustrated in Figure 7 for a narrow energy region around the calculated Fermi levels. These DOS curves show three distinct features: (i) There is a long tail of low DOS values extending to low energies beginning at ca. 2 eV below the Fermi levels. (ii) A transition metal 3d band, arising mostly from the icosahedral cluster, Ga@(Cr,Fe) 12 , that is ca. 4 eV wide, straddles the Fermi level and has a two-peak appearance indicative of the metal icosahedron.
14,15 (iii) The Fermi levels fall at a deep, narrow pseudogap. The low-energy tails arise primarily from the 4s and 4p valence orbitals of Ga atoms mixing with the transition metal 4s and 3d levels; the valence sp band extends over all valence energies, as shown by the gray-shaded regions. These two DOS curves also exhibit two subtle differences: (i) The partial DOSs from orbitals at the M1 site, Cr in "Cr 7 Fe 6 Ga 13 " and Fe in "Cr 6 Fe 7 Ga 13 ," reflect the small electronegativity difference between Cr and Fe. (ii) The majority and minority spin DOS curves show slight differences for "Cr 7 Fe 6 Ga 13 " and greater differences for "Cr 6 Fe 7 Ga 13 ". For "Cr 7 Fe 6 Ga 13 ," orbitals from the Cr1 site have greater contributions to states above the Fermi level (see black regions) than below. In "Cr 6 Fe 7 Ga 13 ," orbitals from the Fe1 site show a significant contribution ca. 1.5 eV below the Fermi level, but also over a 1 eV range above the Fermi level (see also black regions in the DOS curve). The small differences in majority and minority spin DOS curves of "Cr 7 Fe 6 Ga 13 " reflect the small local magnetic moments calculated at the Cr sites (see Table 4 ): 0.16 and 0.17 μ B . Larger local moments at Fe atom sites become evident in "Cr 6 Fe 7 Ga 13 ".
In Figure 7 , crystal orbital Hamilton population (COHP) curves 33 are also shown for M-M interactions, viz., M1-(M2,M3) and (M2,M3)-(M2,M3) contacts. In the Cr-rich "Cr 7 Fe 6 Ga 13 ," these orbital interactions are nearly optimized, the Fermi level lies just into weakly antibonding orbitals. For the Fe-rich "Cr 6 Fe 7 Ga 13 ," intraicosahedral interactions remain similar, but the Fermi level lies deeper into antibonding Fe1-(Cr,Fe) interactions, which is consistent with the ferromagnetic Fe1-Fe3 coupling in this model. 49, 50 The (Cr,Fe)-Ga interactions, whose COHP curves are not illustrated, do not reveal a crossover between bonding and antibonding states near the Fermi level and, thus, are insignificant for the subtle structural and magnetic behavior of these phases. These interactions, nonetheless, are important for the gross cohesive energies.
Certainly, further theoretical investigations are warranted to fully characterize this complex system. In general, however, the intrinsic heteroatomic orbital interactions induce a significant decrease in splitting between the two spin states at both Cr and Fe sites in Cr 1-x Fe x Ga, which further results in a shift of the Fermi level toward the crossover point between bonding and antibonding interactions in the Cr-rich case, and significant modification of local magnetic moments from homonuclear cases. This effect has been observed, in part, in theoretical calculations on ordered body-centered cubic models of Cr-Fe alloys; e.g., in CsCl-type "CrFe," the calculated moments are 1.10 μ B at Fe and 0.68 μ B at Cr, as compared to 2.19 μ B for bcc-Fe and 0.18 μ B for bcc-Cr. 51 In this example, the moment at Fe is greatly reduced, whereas the moment at a Electronic band energies (relative to the lower energy model for both LDA and LSDA approaches), total magnetic moments (in μ B ), and local magnetic moments (μ) and valence electron populations (Q) are listed. The different models reflect different colorings of the transition metal sites.
